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1 Introduction 



The experimental search ||l|] for the Higgs [^] boson is mainly concerned nowadays by that of its strictly stan- 
dard (unique) avatar [^] or of its multiple supersymmetric reincarnations. The present and next generations 
of accelerators should be able to give us precious information about this cornerstone of particle physics. 

If a positive outcome would undoubtedly be one of the greatest achievements of the century and provide a 
fair reward for the simplest and most elegant ideas, a negative one should not be considered as a failure and 
be interpreted as the absence of the Higgs but rather as an encouragement to refine our ideas, to look for 
alternatives, and in particular to investigate whether one could have missed a Higgs particle with couplings 
smaller than predicted in the basic models. 

This is the goal of this work, which gives an example of a nearly standard Higgs boson, still considered to be 
unique, which could have escaped detection. 

I outpass here the present negative feelings attached to technicolour models [|[| (mainly due to the problem 
of flavour changing neutral currents) and revive a composite Higgs boson; however, if it does transform like 
a quark-antiquark pair, it nevertheless appears, unlike the quarks, as a fundamental field in the Lagrangian, 
together with the observed pseudoscalar (and scalar) mesons, along the lines of [^. It is a neat way of including 
both chiral and electroweak properties of asymptotic states. As the proposed model respects in particular the 
standard electroweak transformations of quarks, the customary problems associated with flavour changing 
neutral currents do not arise (we shall see that a new type of them occurs but only in the Higgs sector, and 
beyond our present detection capabilities). 

The only concern being here the electroweak physics of scalar (Higgs) and pseudoscalar J = states. Quantum 
Chromodynamics (QCD) [Q] and strong interactions are deliberately left aside, except in that they determine 
the asymptotic mesons and their normalization; interactions among particles in the final state are not consid- 
ered. The quark picture is often invoked, but only to make the reader more comfortable and to provide a link 
with customary considerations: the quarks themselves, which are not asymptotic fields, do not appear in the 
Lagrangian. The breakdown of the electroweak symmetry, tantamount to a condensation of quark-antiquark 
pairs, is treated on a purely phenomenological ground (much alike in the standard electroweak model) without 
reference to a deeper underlying mechanism. 

The Higgs boson being searched for through its decays, determining its coupling to observed particles is essen- 
tial. Yukawa couplings to quarks are now absent, but the Higgs couples through a "mexican hat" potential to 
the three goldstones of the broken electroweak symmetry, which are, as is shown by the study of their leptonic 
decays, linear combinations of pseudoscalar mesons. There exist 7V^/4 iN/2 is the number of generations) 
real electroweak quadruplets of scalar and pseudoscalar (composite) fields isomorphic to the complex isoscalar 
doublet of the Glashow-Salam-Weinberg model [|^]. Accordingly, the flavour orientation of the Higgs boson is 
determined by a rotation in this dimensional space. It determines, too, the flavour content of the three 

(pseudoscalar) Goldstone bosons which are the three partners of the Higgs in the same quadruplet, and the 
hierarchy between the leptonic decay constants / of the various pseudoscalar mesons. This makes possible 
the determination of the couplings of the Higgs to pseudoscalar mesons as a function of the /'s, of Cabibbo- 
Kobayashi-Maskawa (CKM) ^ mixing angles and of the mass of the Higgs itself. 
Its couplings to gauge fields keep as in the standard model. 

I also show how, in an interpretation in terms of quarks, the orientation of the Higgs boson determines the 
hierarchy of the different quark-antiquark vacuum expectation values. 

The paper is organized as follows: 

- in section 2, 1 recall the theoretical basis of the model; 

- in section 3, 1 study the orientation of the Higgs boson in flavour space and its consequences; 

- in section 4, 1 specialize to the three decays Z e+e^B+i?^, Z e^e^D^D^ and Z e^er K^ir^; 

- finally, agpendix ^ gives technical details concerning the basis of electroweak and flavour eigenstates, and 
appendix ^ provides a link between the normalization of the asymptotic mesons and the Gell-Mann-Oakes- 
Renner relation [||] in QCD. 



2 Electroweak interactions of quark-antiquark composite fields 
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2.1 Electroweak and "flavour" eigenstates 



Though we only deal here with electroweak physics, the paper rests on the fact that the "asymptotic" states for 
J — mesons can be interpreted as "flavour" eigenstates, determined by strong interactions]]. 

This can be put in correspondence with the existence of two different mass scales, hence two different charac- 
teristic times: 

- the electroweak mass scale M^y « 80 GeV, with an associated time scale tew — l/Afw^ 

- the mass scale associated with strong interactions, with an order of magnitude of the masses of the mesons 
and resonances exchanged in nuclear interactions, that is a few hundred MeV; the associated time scale Tg is 
much larger than tew'-, thus, if an electroweak eigenstate is produced (by electroweak interactions) at time t it 
can only be detected as such between t and t + tew'^ after this interval, and before it eventually decays into 
final states which can be non-hadronic, one only detects its flavour components. The meaning of "asymptotic", 
which has to be adapted to the type of problem that is being analyzed, is consequently here "for time scales 
larger than tew"- 

While the customary procedure is to try to incorporate strong interactions between asymptotic electroweak 
eigenstates to build up observed particles, which of course, like when introducing gluonic corrections in QCD, 
faces non-perturbative problems, I will rather here consider as perturbative and small the electroweak inter- 
actions between flavour asymptotic states which are determined by strong interactions. The only additional 
(non-perturbative) effect of strong interactions that I will introduce is the normalization of asymptotic mesons 
which is determined from their leptonic decays and is shown to be in agreement with the "Partially Conserved 



Curre nt Hypothesis" (PCAC) and with the Gell-Mann-Oakes-Renner relation in QCD (see subsections 2.2.1 
2.2.4 appendix H) I . 



2.2 Theoretical framework 

The general framework has been set in For the sake of understandability and for this paper to be self- 
contained, I briefly recall here the main useful steps, in a somewhat less formal approach more usable for 
phenomenological purposes. 

Quarks are considered to be mathematical objects [ p^ which are determined by their quantum numbers and by 
their transformations by the different groups of symmetry that act upon them; we are mainly concerned here 
with the chiral group U {N)e x U{N)fi where N is the number of "flavours", and with the electroweak group 
SU(2) L X U{1): they form an A^-vector ^I^ 

/ u \ 



* = 



(1) 



V : / 

in the fundamental representation of the diagonal subgroup of the chiral group, and their electroweak transfor- 
mations, to which we stick to, are the usual ones of the Glashow-Salam- Weinberg model [|^]. 

Any SU{2)e x U (1) group can be considered, for N even, as a subgroup of U{N)e x U {N)b;, that it be the 
electroweak group, i.e. that it act on quarks in the standard way determines its embedding in the chiral group. 
It is easy to check that the SU (2) group the three generators of which are the three N x N matrices (they are 
written in terms of four N/2 x N/2 sub-blocs with I the unit matrix and K the CKM mixing matrix) 
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(2) 



'strong interactions are considered to be independent of "flavour", and so both liave common eigenstates. 

^ Tlie question can be raised whether the Higgs can appear as an asymptotic state or is projected at "large" times on flavour (scalar) 
eigenstates; its eventual detectability as an asymptotic particle can depend on it. 
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acting trivially on the left-handed projection '^l ~ [(1 ~ 75)/2]^' of ^ can be identified with the standard 
electi'oweak SU[2)l\ the [/(I) associated to the weak hypercharge Y is determined through the Gell-Mann- 
Nishijima relation Jill ] 



(Yi,Yfl) = (Qi,Q;^j-(Ti,0), 
and from the trivial form for the (diagonal) charge operator Q 



2/3 








-1/3 



(3) 



(4) 



The 2N'^ composite of the form qq or q'y^q can be cast into iV^/2 quadruplets which are stable by the elec- 
troweak group; their flavour structure is materialized by x matrices M and the quadruplets can generically 
be written 





3) = (M",IV 
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(5) 

where B is a real N/2 x N/2 matrix (see subsection 2.2.2 and Appendix Q). One may furthermore con- 
sider quadruplets the entries of which have a definite parity (the S's below stand for scalars and the P's for 
pseudoscalars) 



and 



X = (P°,S). 

The (ys's and the x's transform alike by the gauge group, according to (i and j are SU (2) indices) 



(6) 



(7) 



L ■ J 



Tr 



(8) 



The link between the matrices M and diquark operators is straightforwardly established by sandwiching the 
latter between and and inserting a 75 when needed by parity. 

The link between diquark operators, of dimension [massY', and the scalar (pseudoscalar) fields (electroweak 
eigenstates) of dimension [mass] occurring in the Lagrangian is achieved by introducing an appropriate nor- 
malization as follows. 

Let H = h + (H) be the Higgs boson such that 

m = ^ (9, 

breaks the electroweak SU{2)l x U{1) into its electromagnetic U{l)em subgroup. Its flavour content is 
represented by an A^ x A^ matrix H and the associated diquark operator is 4'H5'. Eq. (^ is trivially satisfied by 

H = 1^'^ (10) 

from which one can choose for all fields (f> with dimension [ynass] associated with the N x N matrix M the 
normalization 
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2.2.1 Flavour eigenstates 



Because of the CKM rotation, the electroweak eigenstates ip and x defined in (^H7[) are not flavour eigenstates 
but Hnear combinations of them. 

The flavour or "strong" eigenstates are the ones associated with M matrices which have only one nonvanishing 
entry equal to 1. Let Maf, such a matrix with one single non-vanishing entry at the crossing of the a-th line 
and 5-th column. The associated flavour eigenstate, that we call Hat is, according to (pi]), and in the case of a 
pseudoscalar 

n,fc(M,fc) = I J|L^^5M,fcVl;. (12) 
The Ilah's are related to asymptotic states, i.e. observed mesons Vah, by a scaling factor b (see subsection 



2.2.4). 



2.2.2 Quadratic invariants and electroweak mass scales 

To every quadruplet (M'', M) is associated a quadratic invariant: 

1= (M",M)(» (M^M) =M°®M"+M(»M; (13) 

the "®" product is a tensor product (not the usual multiplication of matrices) and means the product of fields 
as functions of space-time; M ® M stands for X)j=i 2 3 M ' M 

For the relevant cases = 2, 4, 6, there exists a set of D real matrices (see appendix |a|) such that the algebraic 
sum of invariants specified below, extended over all representations defined by (|[ 

- H )((§°,P)(D)®(S°,P)(D)-(P",S)(B)(g)(P°,§)(D)) (14) 

antisym D's / 

is diagonal both in the electroweak basis and in the basis of flavour eigenstates. With the coefficient (1/2) 
chosen in ( [l4| ) in the electroweak basis, the normaUzation in the basis of flavour eigenstates is (+1), with all 
signs positive. 

From the property stated above, to each quadruplet can be associated an arbitrary electroweak mass scale and, 
for such a choice of D matrices, the degeneracies of electroweak and flavour eigenstates coincide. 




2.2.3 The electroweak Lagrangian 

The scalar (pseudoscalar) electroweak fields that build up the Lagrangian are taken to be the ones associated 
with the set of matrices D diagonalizing the invariant (jlj) in both the electroweak and the flavour basis, and 
the combination used for the kinetic terms is the one of (|l4j). 

The kinetic terms for the leptons and the gauge fields are the standard ones. 

No Yukawa coupling to quarks is present since they are not fields of the Lagrangian, and masses are given in a 
gauge invariant way to the mesons themselves ^ . 

A "mexican hat" potential is phenomenologically introduced to trigger the spontaneous symmetry breaking of 
the electroweak symmetry. 

^^The hadronic sector being anomaly-free, a purely vectorial theory in the leptonic sector is then favoured; the approach proposed in 

[ |l2| | is an example of that, where leptons are given masses without introducing Yukawa couplings and where the standard model appears 
as an effective theory when one neutrino helicity decouples by becoming infinitely massive. 
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2.2.4 Normalizing the fields 

By convention, we take all electroweak eigenstates cf> occurring in the Lagrangian and defined by ( pi] ) to be 
normalized to "1": 

^\cl,{p)){^{p)\9{po)5{p^ - ml) = 1, (15) 

Wmv)) = 2poi27Tf5'{p-p'), (16) 
and, for fields corresponding to two different ID matrices 

((/)(D„)|(/.(D^)) =0, a7^/3. (17) 

The phase-space measure for is 

df^4>{p) = 1^^^^P^'>^^P^ ~ ^^^^ 



The flavour eigenstates Ilaf, defined in ( |12[ ) are then normalized to (1/2) 

(n(p')lnb)) = (i)2po(27r)353(p_y). (19) 
the difference of normahzation between the (/)'s and the II's comes from the identity 

^ D„ «) Be. = 2 ^ D„b ® Bah (20) 

a ah 

where the Dq,'s are the ones exhibited in appendix ^ and the Bab's are N x iV/2 matrices the only non- 
vanishing entry of which is "1" at the crossing of the a-th line and 5-th column; this property also reflects into 
the mismatch in the normalizations when expressing the quadratic invariant ( pl| ) in terms of electroweak or 



flavour eigenstates, as stated in subsection 2.2.2 



The last point concerns the normalization of the asymptotic (observed) mesons Vab (Tud = ^ > 
K~ . . .) which have the same flavour structure as the Ilab's: one introduces the scahng factor b such that 



For the "P's one has 



n = bP. (21) 



W)\V{v)) = ^2v^{2^)H\v-v') (22) 



dMP(p) = 2\?j^Q{p^)8(j? - m%). (23) 



(24) 



and 

(2^ 

The scaling factor b is determined from the leptonic decays of the pseudoscalar mesons and is [ 

b = M 

2/o 

where /o is the generic leptonic decay constant. 
As a consequence, one has for example (for = 4) 

P+(Bi) = b (cos 0c (7r+ +£>+) + sin 0c -£>+)), (25) 
where Q^. is the Cabibbo angle. 

I show in Appendix^how this scaling is consistent, through PCAC, with the Gell-Mann-Oakes-Renner relation 
[§ in QCD. 

The scaling factor b, that we introduce in a non-perturbative way, and which ensures the consistency with other 
approaches and with experimental observations, can be put in parallel with the \/Z's normalizing asymptotic 
fields in the 5'-matrix theory; our hypothesis lies here in that, once admitted that strong interactions determine 
asymptotic states, their only other effect can be phenomenologically parameterized by b [} 

''in previous works Jl3|] the asymptotic mesons were normalized to "1", wliicli led to a scaling factor a = 1 /b. Though the physical 
results turn out, as expected to be the same, the procedure used here is more systematic and makes the links more conspicuous with the 
traditional picture of QCD. 

^We in particular do not consider here the phase-shifts introduced by strong interactions among final states. 
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3 Electroweak symmetry breaking and the Higgs boson 



3.1 The flavour orientation of the Higgs boson 



The real {H, G) quadruplet (complex doublet) of the standard model, where H is the (scalar) Higgs boson and 
G = (G+, G^, G^ ) are the three goldstones of the broken electroweak symmetry is isomorphic to any of the 
iVV4 quadruplets ip of eq. ^ |. 

We thus face an arbitrariness in the flavour content of the Higgs boson, which also determines the composition 
of the three goldstones in terms of flavour eigenstates since they are its three pseudoscalar partners in the same 
quadruplet. 

Identifying H with §"(Di) as I did in previous works [|3]| is tantamount to taking the same value for all 
diagonal vacuum expectation values (qaQa) (a is a flavour index). I loosen here this hypothesis and introduce a 
real orthogonal rotation matrix TZ acting in the N'^/A dimensional space of the ip's. 

For the sake of simplicity, I will perform the analysis in the case of two generations {N = 4). We can then 
restrict furthermore 7?. to be a 3 x 3 rotation matrix by postulating that (§"(©4)) = 0; this is equivalent to 
saying that {qaQb — qbQa) = 0, which is true if GP is an unbroken symmetry. So, the {H, G) multiplet is now 



considered to be a linear combination of tpi 
4x4 flavour matrix associated to G^ reads 



(y5(Di), ip2 = </3(ID'2) and (^3 — ip^Ji^) (see eq. (p|)), and the 



(26) 



G+ = i 


( 










1 



Let the orthogonal matrix [| TZ such that 

















(§2,P2) 


= n 


(^(©2) 


V ^3 ) 




V (§3,P3) ) 




V '^(©3) 1 



depend on three mixing angles 6*1 , 6*2, 



7^ 



Cl 

S1C2 
S1S2 



(28) 



the sines and cosines of which will be noted si, S2, S3 and Ci, C2, C3 

-S1S3 ^ 
C1C2S3 + 52C3 ■ (29) 
C1S2S3 - C2C3 j 



-S1C3 
C1C2C3 - S2S3 
C1S2C3 + C2S3 



We choose by convention [] 



(i/, G) - (§i,Pi), 



(30) 



* Considering tliat tlie Higgs boson is unique prevents tlie occurrence n f a hie rarchy problem ^\ 

^ The orthogonality of 7?. preserves the property stated in subsection [Z.2.2| that the quadratic combination ( |l4| ) is diagonal for both 
electroweak and flavour eigenstates; suppose then that there is a single electroweak mass scale M except the vanishing one generated by 
the breaking of the electroweak symmetry; since, would there be no goldstone, all flavour eigenstates would have the same mass M, the 
(mass)^ of the flavour components of the charged goldstone G+ are 





M2 
~ 2 


(2- 




<± 


M2 
~ 2 


(2- 


(G+ )'), 


Ml± 


~ 2 


(2- 














~ ~Y 


(2- 


{Gts?). 



(27) 

Our statement that strong interactions determine asymptotic states for mesons can thus participate to creating a mass hierarchy for the latter 
as a consequence of the breaking of the electroweak symmetry. Of course, electroweak interactions among asymptotic states can occur, in 
particular through the non-diagonal mass terms which do not cancel any longer after the symmetry is broken. 

^This makes in particular our results independent of 62, in relation with the fact that one relative phase between the quadruplets has no 
physical significance. 
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leading to 

^td = ce{ci - S1S3) + sesiss, (31) 

Gus = seici - S1S3) - cesiss, (32) 

= -se{ci + S1S3) - cesiss, (33) 

G+ C0{ci + S1S3) - sesiss, (34) 

where se and cg stand for the sine and cosine of the Cabibbo angle. 

3.2 Leptonic decays and the hierarchy of decay constants 

I show here how the orientation of the Higgs boson in flavour space determines the hierarchy of the pseudoscalar 
leptonic decay constants. 

The leptonic decays are described by the diagram of Fig. 1; because the non-diagonal W — meson coupling 
only occurs for the three goldstones G, their flavour components are the only pseudoscalar mesons which can 
decay leptonically. These decays determine the scaling factor b ( |2l| , ^4| ) of the flavour eigenstates. 




Fig. 1: The leptonic decay of a pseudoscalar meson. 



This section gives us the opportunity to explicitly compute a decay amplitude involving asymptotic fields (pseu- 
doscalar mesons) with a normalization different from "1", while the leptons and gauge fields are normalized to 

-rQ. 

The calculation proceeds by using a W propagator in the unitary gauge, and we do it here in analogy with the 
standard "PCAC" computation. 

We have to evaluate 



t{e+ve\^+),n = L^H^|7r+), (35) 

v2 

where and are respectively the weak leptonic and hadronic currents. is deduced from the part of the 
Lagrangian corresponding to the (iJ, G) quadruplet 

C3-^{d^G+W; +d^G-W;:) + ... (36) 
such that, by inserting the vacuum |0) (0| in (|5]) on gets 

out{e+VeU+)^n - ^ {e+ v,\L ^,\{)) {Q\v d''G'\n+). (37) 



V2 



'while the b factor can be reabsorbed by a simple rescaling of the mesonic fields when the Lagrangian involves only mesons, like for 
example in the non-linear cr-model, this is more problematic when several types of fields are involved which interact between each other 
and the different kinetic terms of which come out with different normalizations. 

'"This yields the exact result as if computed directly from the diagram of Fig. 1. 
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In analogy with (^5|), one has (still in the case of two generations) 

G+ - b (G+ 7T+ + G+ K+ + G+ D+ + Gi Df), (38) 

and, from the relation 

7r+ = ^ (ce(P+(©i) + P+(B2)) - S(,(P+(B3) + ^^+(©4))) (39) 



the inversion of the rotation (EH) defining the (iJ, G) multiplet (BOb yields 



7r+ = ^ ((ce(ci - S1C3) + seSiS3)G+ + ...), (40) 



and thus 



out{e+>^e\7T+)rn - ^ (ce(ci - siCa) + SflSiSa)) ^ (e+z^e | 0) (0 9^G-|G+); (41) 



as the goldstones have been normalized to "1" 

{0\G-\G+) = 1 (42) 

one obtains 



1 Gp 
oMt(e+J^ek+)i„ ^ivk'^ — (ce(ci - S1C3) + sesisa) -y| (e+i/e|i^|0), (43) 



where A;^ is the momentum of the incoming pion. 

When b is given by (E4h, one recovers the standard PCAC result for 



It is easy to find along the same way 

fK = 
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)/o 
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— Jo, 

Se 


+ S1C3) 


H S1S3 

se 


)/o 


'-^cd f 

y-se) 


+ S1C3) 


Se 

S1S3 

ce 


)/o 


G+ 

Jo- 

ce 



(44) 



Jd^ - (^(ci + S1C3) - -S1S3 ) /o = -^/o. (45) 
In the limit 9i — 0-^ — Q all /'s become identical. 

Note the computation of the decay rate does not introduce extra b factors in the phase space integral because 
the outgoing states are leptons, which are normalized to "1". 



3.3 The hierarchy of quark condensates 

I show now in a precise example how the orientation of the Higgs in flavour space also determines the hierarchy 
of quark condensates. 

By our choice of a unique Higgs boson identified with the scalar entry of (pi, we have imposed that it is the 
only scalar with a non- vanishing vacuum expectation value (VEV). This means a departure from the symmetric 
case where all diagonal quark condensates have the same VEV and where all non diagonal condensates vanish. 

The system of equations to be satisfied by the different VEV's is now: 
- for the scalar singlets of the (§, P) multiplets: 

(§2) = (§3) = (§"(©4)) = 0; (46) 
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- for the neutral scalars of the (P", §) muhiplets: 

(S^(Di)) = (S^(©2)) = (§'(©3)) = (§'(©4)) = 0, (47) 
where the notation (§) used above is a shortcut for (^'S^'). 

One case for which these equations can be solved approximately is for example S3 « 0, C3 « 1; one finds 





Cl + 


Sl,_ , 


(cc) 




(uu), 




Cl - 


Si 


{dd) 


Cl - 


- si{cl - si) 1 




Cl - Si 




Cl + 


si(ce-se)/ 


(ss) 






Cl - Si 


ids) 




_ ^ sisece 


Cl - Si 


luc) 


= (cu) 


= 0. 



(48) 

For Cl > , si < 0, one gets accordingly the hierarchy 

{uu) > {dd) > (ss) > (cc) > (ds) = {sd) > (uc) = (cu) ^ 0; (49) 

it agrees with the one generally admitted from the Gell-Mann-Oakes-Renner relation; the non-vanishing of 
non-diagonal quark condensates, which appears in a natural manner here, has been debated in the past when 
dealing with kaon decays [[l5|]. 

3.4 The coupling of the Higgs boson to pseudoscalar mesons 

I determine here the coupling of the Higgs boson to pseudoscalar mesons in terms of leptonic decay constants 
and CKM mixing angles. 

The "mexican hat" potential introduced for (^1 = {H, G) 

V^(i7,G) =-y^i 0(^1 + ^(^1 ®(^i)®2 (50) 

which triggers the breaking of the electroweak symmetry yields in particular a coupling between the Higgs and 
the goldstones 

Cb -^v h{2G+G- +G^G^). (51) 

Let a, b the flavour indices of a pseudoscalar meson Vab, with mass Mat transforming like the diquark operator 
qalbib (for example V^^ = 7r+); the goldstone writes, according to (|ll],|l2|,^l|) and in analogy with ( |3^ ) 

= E Ga.n+ - b E G+ 7^+ . (52) 

a,h a,b 



Making use of the equivalent of relations ( |44y45| ) in the case of three generations, one gets in particular for two 
charged outgoing flavour eigenstates Il^f, and 11^^^ the coupling 

-^V2XvJ2Y: ^v.'^yL h n+ u:, (53) 

where fab is the leptonic decay constant of Vab and Vab the corresponding entry of the CKM mixing matrix. 
A dominant feature in ( ^3| ) is the presence of the CKM mixing angles Vab, which, unlike what happens at the 
quark level for Yukawa couplings, can strongly damp the corresponding coupling independently of the mass of 
the outgoing particles. This is specially the case for mesons, since the corresponding Vub lies far from the 
diagonal in the CKM mixing matrix. 

I now use the above results to investigate decays of the Z boson which are mediated by the Higgs. 

"The Lagrangian is always written with fields which are normalized to "1", and the corresponding couplings are used to compute 
5-matrix elements between states which are also normalized to "1". The physical S-matrix elements involving asymptotic mesons that we 
need to compute are then deduced by introducing the appropriate b factors. 
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4 Some decays Z 



I shall always deal with the cases when the outgoing leptons are electrons; when they are muons, the results are 
very much alike, because the relative difference in the available phase space is very small. 

4.1 The decay Z e+e" S+B" 

There are two types of contributions shown in Figs. 2a,2b. 




t = (p-q)' 



Fig. 2a: The decay Z e^e B : direct coupling. 




t = (p-q) 



Fig. 2b: The decay Z ^ e^e B^ B : the contribution of the Higgs boson. 



That there exists a direct coupling of two gauge bosons to two mesons differs from the standard model with 
quarks, where the mesons can only originate from the "hadronization" of the two quarks coupled to the Higgs 
boson trough a Yukawa coupling. 
We need to compute the amplitude Az^B+B-e+e- 



A 



Z^B+B-e+e 



- ^ out(e+e- B+B-\Z, 



(54) 



where the asymptotic fields Z^, are normalized to "1" while the B mesons are not (see subsection 2.2.1 ) 
This introduces b factors according to 



Az^B + B-e+e "T out (e 6 ^ub^bul^ t^-) in 



(55) 
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where we have introduced the flavour eigenstates Hab normaHzed to "1" which are also used to express the 
Lagrangian. Eq. (^sj) can be calculated with standard rules. 

The total coupling of two Z bosons to n^^II^ reads (including the "i" coming from exp(iS')) 

where the first contribution comes from the direct coupling and the second from the one involving the Higgs 
boson; cy/ is the cosine of the Weinberg angle; q is the Higgs momentum, the mass of which is (see (^olpj)) 

Mjj = W. (57) 
Note that the mixing angles VubV^u ^^^y appear in the Higgs contribution. 

A second potential source of damping appears in ( ^6| ) since there can be a destructive interference between the 
direct contribution and the one with the Higgs boson. 

The decay rate is expressed as a double integral over the square of the Higgs momentum s = and that of the 
virtual Z momentum t = {p~ qY '■ 



e+e-B+B- 



^ (1 - 2s^^)MlGl 



512V27r 



AMI 



where Mz is the mass of the Z gauge boson, 0A/Bthe mass of the pseudoscalar mesons, rrie the mass of 
the electron and sw the sine of the Weinberg angle; X(u,v, w) is the fully symmetric function 

A(u, v,w) — + + — 2uv — 2 uw — 2 vw; (59) 

All b factors cancel in the decay rate: the 1/b^ coming from the amplitude (|5|) squared exactly matches the 
two factors coming from the phase-space measures ( ^3| ) for the two outgoing mesons. 

The kinematical intervals being respectively s e {Mz — 2me)^] and t e [4mg, {Mz — for 

Mfj < {Mz — 2me)^, the potential divergence of the decay rate due to the (squared) propagator of the Higgs 
has to be smoothed out by introducing a width for the latter; we restrict ourselves to the two-mesons channels, 
as depicted in Fig. 3. 



P' 

Fig. 3: Introducing a width for the Higgs boson. 
The couplings of the Higgs to two charged mesons are the same as the ones used above and studied in subsection 



3.4; we shall however neglect in the computation of its width the misalignment of the Higgs with respect to 



With the normahzations chosen here one has = 9^^,2/8 and Gp /V^ = g^/8M^ = l/v"^, where g is the SU(2)l coupling 
constant. 

"The mass of the electron has been neglected in the computation of the square of the amphtude. 
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§"(Di), consider all ratios fab/ fo ~ 1 and only take into account the channels which are not damped by 
small mixing angles (combinations of tt"^ and Df in the charged sector). The neutral mesons (tt", 77, rjc, rjb) are 
incorporated along the same lines. 

We thus replace in 



(60) 



where the '^cd ( pC| ) are performed over all above mentioned couples of J = pseudoscalar mesons 
with flavour indices {ab) and (cc?) and masses Mab and Med', in the charged sector, the Vafc's are restricted to 
the diagonal entries of the CKM mixing matrix, and stand for 1 in the neutral sector (see (^ with D — 1). 

To maximize the decay rate, we take Jb/ fo ~ 10 and Vub is chosen at the upper limit of the experimental 
bounds [|l6[l 

Kb « 4 10-3. (61) 



7e- 



6e-0 



5e-0 



4e-08 



3e-0 



2e-08 



le-0 



Z -> e+e- B+B- Higgs contribution only 




Fig. 4: 10^ X the Higgs contribution to the decay rate Z ^ e+e B^B . 



The Higgs contribution, shown in Fig. 4, exhibits a resonance-like behaviour, with a maximum of « 6.6 10^^^ GeV 
for Mh ~ 13 GeV, which is extremely small |^ . The "background" coming from the contribution where no 
Higgs is involved is nearly 1000 times larger than the Higgs contribution at its maximum and is itself outside 

'*The numerical integrations liave been performed by tlie method of Newton and dividing, for each point of the graphs, the two dimen- 
sional domain of integration into 5 10^ X 10'' ceils, ensuring a perfect stability. 
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the reach of present observations, with a rate 



pno Higgs _ r i n-9 ripV 

^ Z^e+e-B+B- - ^^^^ 



(62) 



to be compared with the total width of the Z boson Tz ~ 2.4 GeV; suppose that one can analyze 20 10^ 
Z decays ||T7|]; ten identified decays into two leptons and two pseudoscalar mesons would correspond to a 
fraction 5 10^^ of all and to a partial width Tpart = 1-2 10^^ GeV; it seems consequently reasonable to set an 
(optimistic) threshold of observability above a partial width 



obi 



> 10-" GeV. 



(63) 



Accordingly, it appears useless to look for a Higgs boson like the one described above in the decay Z 

e+e-B+B-. 



4.2 The decay Z 



e e D+D- 

s s 



I then analyze the decay Z — > e^e^ D^D^; the corresponding rate is computed from formulae similar to 
( p8l|60| ), with the appropriate substitutions concerning the masses, leptonic decay constants and mixing angles. 
The damping due to CKM mixing angles is now negligeable, which makes the Higgs contribution dominate 
over the direct coupling of the Z to two mesons. It appears consequently as a better reaction to look for the 
Higgs boson. 

The background coming from from the direct coupling of the Z to two mesons is negligeable: 



-pno Higgs 



7.6 10"^ GeV 



(64) 



The results are shown in Figs. 5. 



Z -> e+e- Ds+ Ds- 



. 0008 



. 0007 



. 0006 



. 0005 



. 0004 
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. 0002 



. 0001 




Fig. 5a: The decay rate Z — > e+e DjD 



'^The destructive interference effects between tlie two contributions is of course negligeable. 
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80 



Fig. 5b: The decay rate Z —f e^e 



The threshold of observability ( |63[ ) is satisfied for Mh < 65 GeV. 

This is to be compared with the present lower bound of the four LEP experiments for the Higgs boson of the 
standard model ^^ifft^„(jard — ^0 GeV at 95% confidence level [Q. In this mass range, there is no hope to 
detect the Higgs that is proposed here, but it could have been missed at lower masses (but high enough for the 
missing energy channel to be undetectable [|l]]) because of a too low statistics. 



4.3 The decay Z e+e" K±7rT 

There also exist in this approach decays which do not occur in the Glashow-Salam- Weinberg model for quarks 
and characterize a composite Higgs like has been introduced above; they are the ones corresponding to "flavour 
changing neutral currents" in the scalar sector. They could furthermore be easily identified experimentally if 
produced with enough statistics. 

From (pl|) and (BSh or its generalization to three generations, it appears that the Higgs can decay into final states 



like K^n^, D^K^ . . . , and that, due to the choice of the kinetic terms as stated in subsections 2.2.3 and 2.2.2 
and to the property of diagonalization of the corresponding quadratic invariant (p4|), the background described 
in the two previous decays is now absent. 

I study here the e'^e" K^tt^ final state, the amplitude of which benefits from a moderate damping by the 
mixing angles, only sgcg. The decay rate is computed form ( |5^ , |60| ) where the factor "1" in each of them, 
corresponding to the direct coupling, is dropped since the latter does not exist any more. 

The results for the decay rate are plotted in Fig. 6. 
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Z -> e+e- K+ Pi- 




5e-07 







5 6 
Mh (GeV) 



10 



Fig. 6: The decay rate Z 



e ' e 



It exhibits the same resonance-like behaviour as the previous decays, but has its maximum Vmax ~ 4.7 10^® GeV 
at a low Higgs mass Mh ~ 1 GeV . The cusps that can be seen on the curve have been checked to correspond 
to the opening of the different two-mesons channels in the propagator of the Higgs boson. 

The resonance is rather sharp, and it appears that for Mh > 7 GeV the width of the process is lower than the 
threshold ( |63| ) above which there is no hope that it be observed. 

As a Higgs mass Mh < 7 GeV would have been detected by the corresponding missing energy [|l| (with the 
possible caveat of footnote there seems unfortunately to be no hope to observe the characteristic decays 
mentioned above in a foreseeable future. 



5 Conclusion 

Answering a demand that alternatives to the strictly standard Higgs boson or to its supersymmetric extensions 
be searched for. I have proposed one, which, though it shares many similarities with the standard model, 
exhibits a Higgs boson that is still more elusive; it may not however be beyond experimental reach. 

It has been incorporated in a framework where the fields in the Lagrangian are tightly related with the J = 
mesonic states observed asymptotically; I have related the orientation of the Higgs in flavour space to leptonic 
decay constants of pseudoscalar mesons and to the CKM mixing angles, such that the quartic potential which 
triggers the breaking of the electroweak symmetry has been expressed in terms of these parameters and of the 
mass of the Higgs itself. It includes in particular the coupling of the Higgs to two pseudoscalar mesons, which 
is no longer triggered by Yukawa couplings to quarks followed by an hadronization process as it used to be in 
the standard model. New links have thus been provided, which enabled the study of the disintegration of the Z 
gauge boson into two leptons and two pseudoscalar mesons. 

I showed that this Higgs boson has interesting and specific properties, in particular that it can trigger flavour 
changing neutral currents, by decaying into final states of the type K^n^; unfortunately, detecting those decays 
would require a tremendous increase of the available number of Z bosons. 
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The decay Z e~ Df Dj^ is the best candidate because it is not damped by small mixing angles and the 

background due to the direct coupling of the Z to two mesons is negligeable. A Higgs with mass lower that 
65 GeV could have been missed. 

Unlike in the standard model for quarks, the final state B~ appears to be undetectable because of the 

presence of the CKM mixing angles in the Higgs coupling to two pseudoscalar mesons; the Higgs contribution 
is furthermore screened by a background which, though much larger, is itself undetectable. 

I did not explicitly present here the results for another channel which is not suppressed by small mixing angles, 
Z e+e^7r+7r~: the reason is that the corresponding decay rate is then peaked at very low Higgs masses 
Mff < 1 GeV, for which such a particle could not have escaped detection in the missing energy channel; for 
higher masses it becomes again absolutely undetectable. 

For large Higgs masses (Mh > M^), the type of decays studied here is undetectable, and more standard 
considerations have to be pursued. 



Acknowledgments: it is a pleasure to thank F. Boudjemafor critics and suggestions. 
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Appendix 



A Diagonalizing eq. (f^) in th^ basis of strong eigenstates: a choice of 
P matrices 



The property stated in subsection 2.2.2 is most simply verified for the "non-rotated" SU (2)^ x C/(l) group and 
representations which corresponds to setting K = I in 



A.l N = 2(1 generation). 

Trivial case: B is a number. 



A.2 N = 4{2 generations). 

The four 2 x 2 D matrices (3 symmetric and 1 antisymmetric) can be taken as 



1 
1 



"3 = 



1 

1 



P4 = 



1 

-1 



(65) 



A.3 N = 6{3 generations). 

The nine 3 x 3 D matrices (6 symmetric and 3 antisymmetric), can be taken as 

1 
1 



^ sin a 



2 

71 







sin(a ± 



27r \ 

3 ) 



V 











1 \ 



1 y 

1 \ 

1 




sin(a T x) / 



1 \ 



-1 y 

1 \ 

-10 





2 

71 



cos a 







cos(a ± ^) 




cos(q!=Fx) / 









1 




r 














1 










1 




1 


J 






-1 






(66) 



where a is an arbitrary phase. 
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B The normalization of the asymptotic mesons and the Gell-Mann- 
Oakes-Renner relation 



From ([l2|), (|T]) and (^) one gets for the pseudoscalar asymptotic meson Vab associated with the matrix Mab 
(see subsection 2.2.1 ) 

VabiMab) = * -^^^jMab^, (67) 



where the matrix H which describes the Higgs boson H in flavour space has been defined in ([K 

To make the link with the customary quark picture, one recalls that, in QCD, the pseudoscalar density W'^^M.ab'^ 
is related to the divergence of the axial current with flavour indices a, b 

Kb = *7''75Mafc* = ga7^75% (68) 

by 

d^A^ab = K^a + mfc)¥75M,fc*, (69) 

where nia and mi, are the "masses" of the quarks qa and qt- 

Now, one form of the PC AC statement is that 9^^^^ is proportional to the interpolating field of the observed 
pseudoscalar meson Vab according to 

a^A^b = fabMlVab, (70) 



where Mab is the mass of the meson. This transforms (67 ) into 

VabiMab) - ^""f'^ Vab (71) 

(^H*) ma + mb 

which entails 

(ma + mb) (W^) = 2 fofab M'b- (72) 

Eq. (^2|) is, up to a sign (unimportant since it can be introduced in (|67|)), the equivalent of the Gell-Mann- 
Oakes-Renner relation [g], showing the consistency of our approach with a more traditional one. 
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